The molecular basis of most human male infertility arising from spermatogenesis disruption is poorly understood because of a lack of useful investigation systems. 
INTRODUCTION
More than one tenth of human couples are known to suffer from infertility, and half of these cases are attributable to deficient spermatogenesis in males [1] . Mammalian spermatogenesis is composed of three biologically significant processes: self-renewal and differentiation of germinal stem cells, meiotic recombination in spermatocytes after spermatogonial mitotic proliferation, and a dramatic morphological change in haploid germ cells to mature sperm. These serial processes are regulated strictly and cyclically to produce a constant and sufficient supply of sperm [2] [3] [4] . The supporting somatic Sertoli cells provide the microenvironment essential for germ cell proliferation and differentiation [1, 5, 6] . Although the molecular basis of almost all disorders of human spermatogenesis remains unclear [7] , some disorders are caused by Sertoli cell dysfunction rather than germ cell dysfunction [8] . Understanding the roles of Sertoli cells will help elucidate the regulatory mechanism of spermatogenesis.
In vivo analyses using transgenic or gene-disrupted animals are effective and informative, especially in testicular germ cell studies [9] [10] [11] , where no suitable culture system currently exists. Although in vivo transfection of DNA into 1 This work was supported by H13-genom-009 from the Ministry of Health, Labor, and Welfare. testicular cells may be an efficient way to study gene function in spermatogenesis and to produce transgenic animals, an efficient gene transfer system has yet to be established [12] [13] [14] [15] [16] . Virus-mediated gene delivery systems are useful because of their high gene transfer efficiency [15] [16] [17] . However, they have a high biohazard risk, are complicated to handle, and can induce harmful effects as uncontrolled infection or inflammation [18] . Nonviral systems are easy and safe to operate but cannot incorporate transgenes efficiently and stably into the genome of germinal stem cells or supporting somatic cells in testis [12] [13] [14] .
To improve in vivo electroporation as a tool for investigating the roles of Sertoli cells in mammalian spermatogenesis, this study examined conditions for the introduction and stable expression of transgenes in Sertoli cells. Furthermore, we investigated the rescue of spermatogenesis in Sl 17H /Sl 17H mutant mice, which are infertile because of an altered stem cell factor (SCF) cytoplasmic domain resulting from a splicing defect [19, 20] . Although a few undifferentiated spermatogonia remain in the mutant testes, they fail to continue spermatogonial differentiation after the initial wave of spermatogenesis [6, 19] .
MATERIALS AND METHODS

Animals
Postnatal Day 12 C57BL/6 male mice were purchased from Shizuoka Laboratory Animal Center (Hamamatsu, Japan), and Sl 17H /Sl 17H mutant mice were raised in our animal facilities. All animal experiments conformed to the Guide for Care and Use of Laboratory Animals and were approved by the Institutional Committee of Laboratory Animal Experimentation (Research Institute for Microbial Diseases, Osaka University).
Expression Vectors
As circular DNAs, we used noncut pCXN-EGFP plasmid containing the cytomegalovirus-enhanced chicken beta-actin promoter and enhanced green fluorescence protein (EGFP) [21] . As a linear DNA, we prepared one-cut pCXN-EGFP at the PvuI site. For the rescue of Sl mutant mice, we used the KL1 expression vector carrying CMV-1E and complete SCF cDNA, KL-1 [22] . All the DNAs for injection were dissolved in Tris-EDTA (TE) buffer at a concentration of 1 mg/ml with 0.04% Trypan blue.
DNA Injection and Electroporation
Mice were anesthetized, and testes were exposed under a dissecting microscope. A glass micropipette was inserted into the rete testis for injection into seminiferous tubules. About 3-5 l of DNA solution was injected into each testis as monitored by the blue dye. Electric pulses were charged with an electric pulse generator (Electroporator CUY-21, TokiwaScience, Fukuoka, Japan). Testes were held between a pair of tweezertype electrodes (CUY650, Tokiwa-Science) and square electric pulses were applied eight times in four different directions at 10-50 V and 50 msec duration.
Fluorescent Stereomicroscopic Observation under UV Light
Transfected testes were observed using a fluorescent stereomicroscope under UV excitation light and were photographed with a Leica DC200 (Leica Microscopy System Ltd., Wetzlar, Germany) set to the stereomicroscope.
Histological Analysis
The testes were fixed with 4% paraformaldehyde in PBS for 8 h, dehydrated with acetone, and embedded in glycol methacrylate (Technovit 8100; Heraeus Kulzer GmbH, Wehrheim, Germany), then cut into 5-mthick sections and observed under a fluorescent microscope. After GFP fluorescence was photographed, the same section was stained with hematoxylin and observed under a photomicroscope.
Northern Blot Analysis
Total RNAs were isolated with a Sepasol RNA-I Reagent (NACALAI TESQE, Kyoto, Japan) and aliquots (15 g) were electrophoresed on a 1% agarose/formaldehyde gel. After transfer to a Zeta-Probe Blotting Membrane (Bio-Rad Laboratories, Hercules, CA), the RNA was hybridized to 32 P-labeled EGFP cDNA probe.
RESULTS
Specific Expression of Transgene in Sertoli Cells
To improve the efficiency of gene transfer into Sertoli cells, we used the testes of 12-day-old mice. These mice have a limited number of differentiated germ cells in their seminiferous tubules. We electroporated vector DNAs, carrying EGFP as a maker in linear or circular form, into the seminiferous tubules (Fig. 1) . In transfected cells, EGFP was very strong in whole testes on Day 1 after transfection with both circular and linear vector DNA (Fig. 1A, Day 1) . At this time, we were able to easily detect many fluorescence-positive Sertoli cells and a few green germ cells in the transfected testes, independent of the transgene structures (Fig. 1B, Day 1 , and Table 1 ). Only 3 days after electroporation, the fluorescence of whole testis transfected with linear DNA was greatly reduced due to the great decrease of the fluorescence-positive cell population (Fig. 1A,  Day 3 , and Table 1 ). In the testicular cross-sections, only a few germ cells and a few Sertoli cells could be detected as fluorescence-positive cells (Fig. 1B, Day 3 , and Table 1 ). At 7 days, almost no fluorescence-positive cells were observed in transfected testes with the linear form of DNA (Table 1 ). In contrast, circular transgene was stably expressed in the Sertoli cells, even after 35 days ( Fig. 1 and Table 1 ). Transfected testes had qualitatively normal spermatogenesis, and we could trace the detailed microscopic structure of Sertoli cells by the fluorescence of EGFP expressed in the seminiferous tubules (Fig. 1B, Day 35 , right panel).
Efficiency and Damage of In Vivo Electroporation
Because various kinds of stress are known to induce damage in testicular germ cells during differentiation [23, 24] , we examined the effect of electroporation on spermatogenesis and testicular growth using 12-day-old testes. Testicular damage is roughly estimated by weight loss after 5 wk. The decrease in testicular size and weight was associated with the voltage used for electroporation; as voltage increased, testes became smaller ( Fig. 2A) and lost more weight (Fig. 2C) . In these testes, we detected the luminal enlargement of seminiferous tubules (Fig. 2D ) and the degeneration of some peripheral seminiferous tubules under the capsule (Fig. 2E) . At the same time, transformation efficiency appeared to increase with increasing voltage (Fig. 2B) , although we could not access it precisely because of the damage. Thus, we selected 20 V as the optimal electroporation voltage because this achieved relatively high transfection efficiency without producing detectable qualitative histologic damage to spermatogenesis (Fig. 1B, Day 35) .
Stability of Transgene Expression in Sertoli Cells
Next, we confirmed that the circular transgene electroporated into Sertoli cells was stably expressed for a long period. EGFP fluorescence was detected in all transfected testes (six testes tested) even 11 mo after electroporation (Fig. 3A) . In addition, transcription of the transgene was at the same level at 11 mo as it was at 5 wk after treatment (Fig. 3B) . The fluorescence of the cross-section of the testes was also very similar to that of 35 days after electroporation (data not shown).
Rescue of Spermatogenesis in Sl
To prove the benefit of permanent transgene expression, we attempted to rescue spermatogenesis in Sl 17H /Sl 17H infertile mutant mice using this gene transfer system. We electroporated expression vector DNA having complete SCF cDNA together with the DNA of EGFP reporter genes to 12-day-old testes of the mutant mice. As a control, some mutant testes were treated with only the EGFP reporter gene DNA. At 2.5 mo after electroporation, we could easily detect the transfected Sertoli cells by EGFP reporter-gene fluorescence (Fig. 4, A and D) . As expected, only Sertoli cells transfected with complete SCF cDNA were able to support normal spermatogenesis (Fig. 4 , B and C, and Table  2 ). Thus, the complete membranous type SCF produced by Sertoli cells was sufficient to support normal germ cell differentiation in Sl 17H /Sl 17H infertile mutant testes. Because the mutant testis does not have sufficient numbers of spermatogonia to recover fertility [6] , we have not yet gotten any pups from these mice under normal mating conditions. To get pups from these rescued mice, we would have to perform intracytoplasmic sperm injection (ICSI) using their immature sperm.
DISCUSSION
As reported previously, in vivo electroporation is an effective method for the transfer of DNA into testicular cells. However, in spite of its potential, the low viability of electroporated germ cells and the poor stability of transfected genes have prevented this form of DNA transfer from becoming a major tool in infertility treatment [12] [13] [14] . In this study, we focused on the supporting Sertoli cells. Using 12-day-old mouse testes as target organs, we demonstrated the high efficiency of gene transfer and also the long-time stability of transgenes in Sertoli cells. The circular transgene was stably expressed in Sertoli cells, and the encoded protein was expressed for a long period. In contrast, the linear transgene disappeared immediately. It is difficult to incor- porate linear DNA vectors into the genome of nonproliferating cells like mature Sertoli cells, and they are inactivated soon after transfection (Fig. 1) . Furthermore, these linear transgenes might be degraded easily by nucleases in Sertoli cells. In contrast, the majority of fluorescent-positive germ cells disappeared soon, and all of them were lost in a month (Table 1) . Although the promoter activity used here became weaker following the haploid germ cell differentiation, especially at the late stage of elongated spermatids [6, 21] , it suggests that the transgenes were not incorporated into the genome of germinal stem cells.
The permanent expression of circular transgenes in Sertoli cells will facilitate the investigation of specific gene function in spermatogenesis. Furthermore, specifically controlled or hyperexpressed transgenes in Sertoli cells will provide a new method of functional assay of gene products and a promoter assay of Sertoli cell-specific genes in vivo without producing transgenic animals. Use of this technique with knockout or mutant mice that have defective Sertoli cell genes may be particularly effective and may provide useful information about gene function and the molecular basis of spermatogenesis.
The application of gene therapy to gonads will provoke ethical questions if transgene are incorporated into germ cells. Here, we demonstrate that a circular transgene was stably incorporated into mature Sertoli cells and was expressed for a long period but was minimally incorporate into germ cells. The stability of circular transgenes does not necessarily indicate that the vector DNA is integrated into the genome; it may become stably established as circular DNA molecules, like plasmid or viral DNA, and be effectively expressed for a long time. In any case, the stable expression of vector DNA into nonproliferating cells suggests that this method could be applied to other terminally differentiated cells, such as neurons, hepatocytes, and myocytes [25] . At present, these nondividing differentiated cells rarely incorporate transgenes. Recently, lentiviral vectors such as HIV vector have been developed for gene transfer, but they have a high biohazard risk [26, 27] . The accumulation of knowledge about the molecular basis of human male infertility will facilitate the application of this method as a gene therapy for patients with Sertoli cell dysfunction causing spermatogenic maturation arrest similar to the Sl mutant in mice.
